Female insect pheromone blends induce robust tracking responses in males and direct them into traps. In vertebrates, pheromones that induce strong and precise tracking responses in natural habitats have rarely been described. Here, we show in the sea lamprey (Petromyzon marinus), a vertebrate invader of the Laurential Great Lakes, that a synthesized component of the male mating pheromone, 7␣, 12␣, 24-trihydroxy-5␣-cholan-3-one 24-sulfate (3kPZS), when released into a stream to reach concentrations of 10 ؊14 , 10 ؊13 , 10 ؊12 ,10 ؊11 , or 10 ؊10 M, triggers robust upstream movement in ovulated females drawing Ϸ50% into baited traps. Experiments conducted in diverse stream segments demonstrate the level of behavioral response was not affected by habitat conditions and is effective over hundreds of meters. 3kPZS is equally effective at luring ovulated females as the whole pheromone blend released by males between 10 ؊14 and 10 ؊11 M. 3kPZS diverts ovulated females away from and disrupts orientation to male washings when applied at concentrations higher than washings. Indeed, a single pheromone compound is able to redirect female sea lampreys away from a natural pheromone source and lure them into traps, which should be more effective than targeting males when applied in population control. Our findings may spur the discovery of other potent and environmentally benign agents to combat biological invasion, a process accelerated by globalization, exacerbated by climate change, and costing the global economy US$ 1.4 trillion of damage annually.
Female insect pheromone blends induce robust tracking responses in males and direct them into traps. In vertebrates, pheromones that induce strong and precise tracking responses in natural habitats have rarely been described. Here, we show in the sea lamprey (Petromyzon marinus), a vertebrate invader of the Laurential Great Lakes, that a synthesized component of the male mating pheromone, 7␣, 12␣, 24-trihydroxy-5␣-cholan-3-one 24-sulfate (3kPZS), when released into a stream to reach concentrations of 10 ؊14 , 10 ؊13 , 10 ؊12 ,10 ؊11 , or 10 ؊10 M, triggers robust upstream movement in ovulated females drawing Ϸ50% into baited traps. Experiments conducted in diverse stream segments demonstrate the level of behavioral response was not affected by habitat conditions and is effective over hundreds of meters. 3kPZS is equally effective at luring ovulated females as the whole pheromone blend released by males between 10 ؊14 and 10 ؊11 M. 3kPZS diverts ovulated females away from and disrupts orientation to male washings when applied at concentrations higher than washings. Indeed, a single pheromone compound is able to redirect female sea lampreys away from a natural pheromone source and lure them into traps, which should be more effective than targeting males when applied in population control. Our findings may spur the discovery of other potent and environmentally benign agents to combat biological invasion, a process accelerated by globalization, exacerbated by climate change, and costing the global economy US$ 1.4 trillion of damage annually.
invasive species ͉ odorant tracking ͉ pest control ͉ odorant disruption ͉ jawless vertebrate P heromones are naturally occurring chemical signals and thus environmentally benign agents for pest control. In insect species, blends of synthesized female pheromones have been used for decades to lure males into traps (1) and disrupt reproduction (2) . Vertebrate pests have never been controlled with pheromones. Studies of pheromone-mediated behavior of vertebrates in natural habitats have been limited both because relatively few vertebrate pheromones have been chemically identified (3) and because field research on this topic is often constrained by the ecology and behavior of vertebrates (4) . Nonetheless, studies of the sea lamprey (Petromyzon marinus), an ancestral vertebrate and destructive invader of the Laurentian Great Lakes (5) , indicate that spermiated males release a pheromone, 7␣, 12␣, 24-trihydroxy-5␣-cholan-3-one 24-sulfate (3kPZS) (6) , that induces predictable movements in ovulated females in spawning streams (7) . We reasoned that the sea lamprey offers a uniquely advantageous model for determining possible applications of pheromones in vertebrate pest control.
Odors, both in air and water, occur as turbulent plumes in which intermittent discrete packets and filaments of odorants at high and intermediate concentrations are interspersed with regions of below threshold concentrations (8, 9) . These plumes are typically mixtures containing more than a single biologically relevant compound (10) . Temporal information present in odor plumes appears to be used by moths (8) and crustaceans (11) to assess the direction and perhaps the distance of the odor source.
For the sea lamprey, odor plumes of 3kPZS released by mature males also challenge ovulated females with a comparable level of temporal and spatial complexity. Lamprey spawning riffles are often separated over kilometers by stream segments that have highly variable fluid dynamics. An orientation strategy that relies on concentration gradients (chemotaxis) may not be effective for ovulated females to track a 3kPZS plume because sea lampreys are monorhinic and move scented water into and out of the olfactory capsule through a single nostril with each respiratory cycle (12) . This limits odor plume sampling to a few ''sniffs'' per second and restricts ovulated females to sequential sampling of odor plumes (klinotaxis). This sampling rate appears to be too slow to obtain reliable measurements of the dynamic properties in turbulent odor plumes (9) to permit chemotaxis. We hypothesized that ovulated females could move close to a source of 3kPZS by simply swimming upstream when the odorant is detected and searching when it is lost, that is, chemically mediated upstream movement.
If this is true, 3kPZS may be highly effective at luring ovulated females into specific stream locations. Therefore, our main objective in studying the behavioral response of ovulated females to 3kPZS is to assess the potential utility of 3kPZS in control of sea lamprey in the Laurentian Great Lakes (5). Over 3,000 insect pheromones have been identified (13) and mixtures of female pheromones are commonly used as agents to enhance male trapping efficiency and disrupt reproduction as benign alternatives to traditional pesticide treatments (14) . 3kPZS offers an ideal model for developing pheromone-based vertebrate pest control because, unlike mixtures of insect pheromones that attract males, 3kPZS alone modifies the behavior of ovulated females in their natural habitat (7) . Further, 3kPZS is the first synthesized vertebrate pheromone in which an experimental user permit from US Environmental Protection Agency has been issued to allow application in a natural stream. The overall goal of the study was to describe the behavioral processes by which ovulated females locate 3kPZS to reveal the efficacy of 3kPZS as a control agent.
would be able to locate sources of 3kPZS that vary in concentration, and subsequently, be guided into 3kPZS-baited traps. To test this prediction, we observed whether ovulated females were able to locate the exact source of 3kPZS by baiting traps with 3kPZS, recording ovulated female capture rates and tracking ovulated female movements, thereby also revealing the utility of 3kPZS as a sea lamprey-control agent. Experiments were conducted in a natural spawning stream divided into two channels by an island (Ocqueoc River, MI) (16) . A sea lamprey trap was placed in each channel and one trap randomly received 3kPZS to achieve a concentration of 10 Ϫ11 , 10 Ϫ12 , 10 Ϫ13 , or 10 Ϫ14 M and the other trap received methanol as a control for the solvent in which the pheromone was dispersed in the treatment traps (Table 1 and supporting information (SI) Fig. S1 ). Concentration was calculated assuming complete mixing with stream discharge, which was confirmed to occur 70 m downstream by dye tests. We released ovulated females 70 m downstream and found that traps baited with 3kPZS 10 Ϫ11 , 10 Ϫ12 , and 10 Ϫ13 M did not differ in capture rate (logistic regression; X 2 ϭ 1.75, df ϭ 2, P ϭ 0.417) and captured 46% of ovulated females released and 68% of ovulated females that moved upstream (Movie S1). Even at 10 Ϫ14 M, 3kPZS-baited traps captured 25% of ovulated females released and 75% of ovulated females that moved upstream, which was more than the control trap (binomial distribution, P ϭ 0.012).
Behavioral observations show that ovulated females oriented toward 3kPZS-baited traps by swimming directly upstream (Fig. 1) . Ovulated females captured in traps baited with 3kPZS at 10 Ϫ11 , 10 Ϫ12 , or 10 Ϫ13 M did not differ in time taken to swim upstream into the trap after leaving the release cage (mean ϭ 18.1 min, range 2.7 to 84.8 min), the number of rests (mean ϭ 3.8, range 0 to 16), number of downstream movements (mean ϭ 0.2, range ϭ 0 to 2), or number of sidestream movements (mean ϭ 1.3, range ϭ 0 to 7) ( Table 1 ). Only 17% of ovulated females exhibited two or more sidestream movements while moving upstream toward the 3kPZS-baited trap. Ovulated females located the exact release point of 3kPZS even when concentrations varied 1,000-fold.
We further reasoned that ovulated females would not become adapted to 3kPZS even after prolonged exposure in 3kPZS plumes during their directed upstream movement over long distances and in diverse river habitats. We tested this hypothesis by recording ovulated female responses to 3kPZS over a 650-m distance at two experimental sites in the Ocqueoc River. One segment was located on the sea lamprey spawning riffle used in previous experiments and the other site was located several km downstream of the spawning riffle that was characterized by slow deep flow and sandy bottom (run) (Fig. S2) . At each experimental site, we released ovulated females 650 m downstream of a trap baited with 3kPZS to reach 10 Ϫ12 M and a trap baited with control solvent. 3kPZS induced directed upstream movement Ͼ650 m in both environments. In the riffle and run stream segments, the proportion of ovulated females moving upstream and entering within 1 m of 3kPZS-baited traps did not differ, showing that 3kPZS induced equally strong migrations in both habitats (Fisher's exact; P ϭ 0.738). More ovulated females moved upstream and entered within 1 m of the baited traps when 3kPZS was applied to the stream than when control solvent was applied to both traps (Table S1 ; Fisher's exact; riffle: P Ͻ 0.001; run: P ϭ 0.005). However, the proportion of ovulated females captured in 3kPZS-baited traps was greater in the riffle habitat than in the run habitat (Fisher's exact; P ϭ 0.002) and the time for ovulated females to enter within 1 m of the 3kPZS-baited trap was longer in the riffle stream segment than the run segment (Wilcoxon rank-sum test; P ϭ 0.027, z ϭ Ϫ2.21, df ϭ 30). Slower swimming speeds of ovulated females in the riffle may be due to fast water velocity and the inefficiency of anguilliform swimming. Similarly, high water velocity through the trap at the riffle site may have caused ovulated females to swim with great effort into the trap funnel resulting in higher capture efficiency. 3kPZS elicits long upstream migration in both environments, but the trapping techniques used in this study may be most efficient if traps are placed in riffle environments.
Role of 3kPZS as a Component of the Pheromone Mixture. Given that most characterized pheromones are mixtures that only elicit strong responses when all components are present (17) , it was interesting to observe that 3kPZS alone induced robust upstream movements over long distances and ranges of concentrations. It has been hypothesized that spermiated male washings (SMW) contain additional pheromone components (18) that induce near source search behaviors in ovulated females (7) . Thus, we wished to confirm the role of 3kPZS-mediated upstream movement when placed in the context of SMW by directly comparing responses of ovulated females to synthesized 3kPZS and SMW over long and short distances. SMW were used instead of live spermiated males to provide an unequivocal test of whether Distribution is the number of ovulated females that moved upstream and were captured when one trap was baited with control solvent and the other trap was baited with 3kPZS, and when both traps were baited with control solvent (Control). All ovulated females were captured in 3kPZS-baited traps when 3kPZS was applied to the stream. Orientation summarizes behaviors of ovulated females that were captured in 3kPZS-baited traps: Time, mean (SD) time to swim from the release cage and enter trap; Rests, mean (SD) number of rests; Downstream, mean (SD) number of downstream movements; and Sidestream, mean (SD) sidestream movements taken by each ovulated female while moving upstream toward the 3kPZS-baited trap. Distribution data were evaluated with logistic regression and orientation behaviors evaluated with general linear models. 3kPZS treatments that share a letter were not significantly different (␣ ϭ 0.05). Orientation statistics were not evaluated for control and 3kPZS 10 Ϫ14 M treatments.
additional pheromone components induce near source search behaviors. Previously, we found behavioral responses of ovulated females to spermiated males or their washings in a twochoice maze do not differ (7) . In a natural stream, traps baited with spermiated males and SMW both capture large proportions of ovulated females (16, 19) . These results are not surprising because ovulated females are blind (15) and naris-plugged ovulated females are not able to locate spermiated males over long or short distances (19) . Therefore, by comparing 3kPZS and SMW, we also evaluated the potential utility of 3kPZS in redirecting ovulated females away from natural sources of pheromone, and thus a potential mate.
At the spawning riffle segment, we constructed a lamprey nest in each river channel 45 m upstream of the confluence of the channels (Fig. S3a) . In one nest we applied SMW to reach an in-stream natural 3kPZS concentration of 7.5 ϫ 10 Ϫ13 M. In the other nest (other channel), synthesized 3kPZS was applied at 0.7, 1.0, 1.3, or 3.3 times the concentration of natural 3kPZS in SMW. Females were released 250 m downstream and had to choose which channel to enter 45 m downstream of the odor sources. Surprisingly, when applied at equal 3kPZS concentrations, synthesized 3kPZS and SMW attracted equal proportions of ovulated females, and at merely 3.3 times the concentration of 3kPZS in SMW, synthesized 3kPZS attracted 84% of responsive ovulated females (Table 2) . Notably, nest observations show that ovulated females spent 10-fold more time in nests baited with SMW than nests baited with 3kPZS (Table 2 and Movie S2).
The distribution of ovulated females between channels baited with 3kPZS and SMW show that 3kPZS plays a major role in inducing directed upstream movement, but a higher potency of SMW in retaining ovulated females on nests suggests that additional components increase near source retention. To confirm this finding, we compared the near source effects of 3kPZS and SMW by building two spawning nests 1.25 m apart (Fig. S3b) and applying SMW to one nest to reach a natural 3kPZS concentration of 7.5 ϫ 10 Ϫ13 M and synthesized 3kPZS to the other at 1.3 or 3.3 times the concentration of natural 3kPZS in SMW. Contrary to results from 45-m comparison experiments, all ovulated females went to the SMW when synthesized 3kPZS was applied at 1.3 times, and equal proportions of ovulated females visited both nests when 3kPZS was applied at 3.3 times (Table 2) . Again, SMW retained ovulated females Ϸ10 times longer than synthesized 3kPZS.
Why did SMW and 3kPZS equally attract ovulated females to nests over a 45-m distance when applied at 7.5 ϫ 10 Ϫ13 M, but synthesized 3kPZS did not retain females on nests? It is possible that, at this 3kPZS concentration, the pheromone components within SMW that attract and retain ovulated females near nests may not be detected long distances downstream due to lower release rates or olfactory sensitivities (or both). To investigate this possible scenario, we directly compared 3kPZS and SMW at a 45-m distance across a 1,000-fold change in concentration.
Responses to SMW and 3kPZS were directly compared when the 3kPZS concentration of both sources were equal to 10 Ϫ11 , 10 Ϫ12 , 10 Ϫ13 , and 10 Ϫ14 M, respectively. At each concentration, 3kPZS and SMW triggered equal proportions of ovulated females to move upstream into the baited channels ( Table 2) , showing that within the range of concentrations tested, 3kPZS is the only pheromone component that influences long distance responses in ovulated females. As expected, retention in the SMW nest was significantly greater than synthesized 3kPZS at 10 Ϫ11 M and 10 Ϫ12 M. However, retention in the SMW nest and 3kPZS nest did not differ at 10 Ϫ13 M and 10 Ϫ14 M, perhaps because at extremely low concentrations minor components were not detectable even when ovulated females were on the nest.
3kPZS Disrupts Female Orientation to Male Pheromone. Given the dominant role 3kPZS plays in the pheromone mixture to induce upstream movement over various distances, we postulated that high concentrations of 3kPZS can disrupt both near and far source effects of the natural male pheromone blend. We conducted an experiment to test this hypothesis and further confirm that 3kPZS indeed maintains robust movement directly upstream over a wide range of concentrations. At the spawning riffle, we applied SMW 20 m upstream of the ovulated female release site to reach an in-stream natural 3kPZS concentration of 10 Ϫ12 M and a background synthesized 3kPZS source was applied 40 m upstream of the SMW source so that the synthesized 3kPZS-plume enshrouded the SMW-plume (Fig. 2) . Background concentrations of 3kPZS applied were 0 (vehicle solution), 10 Ϫ12 , 10 Ϫ11 , or 10 Ϫ10 M. Consistent with our hypothesis, a higher proportion of ovulated females completely missed the enshrouded SMW source while swimming upstream to the 10 Ϫ10 M synthesized 3kPZS source than to the control source (Table 3 and herein; logistic regression; X 2 ϭ 4.24, df ϭ 1, P ϭ 0.040). To discern the mechanism for this disruptive effect, we compared individual ovulated female movement tracks to the plume distribution as determined by dye tracing (Fig. 2) . When 10 Ϫ10 M 3kPZS was applied, ovulated females were more widely distributed across the stream and were less likely to track the highest concentration of natural 3kPZS originating from SMW (Figs. 2 and S4 and  Table S2 ; ANOVA; F ϭ 5.795, df ϭ 3/20, P ϭ 0.005). Furthermore, a higher proportion of ovulated females swam upstream of the SMW source when 3kPZS was applied at 10 Ϫ12 , 10 Ϫ11 , or 10 Ϫ10 M than when control solvent was applied. For those ovulated females that did visit the SMW source, they spent less time within 0.5 m of the SMW release point when 10 Ϫ11 M or 10 Ϫ10 M synthesized 3kPZS was applied upstream (Student's t test; t-value ϭ Ϫ2.81, df ϭ 81, P ϭ 0.063 and t-value ϭ Ϫ2.61, df ϭ 81, P ϭ 0.011, respectively). When ovulated females moved upstream of the background source of synthesized 3kPZS they exhibited more sidestream and downstream movements (Table S3) .
These experiments also confirm that ovulated females display robust upstream movements to 3kPZS over concentrations ranging 100-fold. First, the proportion of females that moved upstream and located a source of SMW or 3kPZS did not differ when 3kPZS concentration varied from 10 Ϫ12 M to 10 Ϫ10 M (Table 3) . Second, swimming speed and swimming distance (Table S4 ) from SMW to the 3kPZS source did not differ among 3kPZS concentrations. Third, time spent within 0.5 m of the 3kPZS source did not differ among 3kPZS concentrations (Table 3) .
Discussion
In natural spawning streams, synthesized 3kPZS applied over a wide range of concentrations lured ovulated females to swim upstream over long distances and subsequently enter traps.
Efficient localization of potential mates is essential for sea lamprey to bring their complex life history to fruition in a single spawning event over a few days before senescence (15) . The male sea lamprey mating pheromone facilitates mate finding by signaling to ovulated females the location of spawning grounds and individual nests.
Our data showed that 3kPZS-mediated upstream movement is sufficient and efficient in directing ovulated females to individual nests. A single source of 3kPZS triggered the same directed response in ovulated females over distances of 70 m and 650 m and concentrations varying from 10 Ϫ10 M to 10 Ϫ14 M. It is adaptive for ovulated females to display 3kPZS-induced upstream movement over highly diverse conditions because flow and male abundance differ greatly within and among spawning streams, causing 3kPZS plumes to vary greatly in intensity, and in temporal and spatial profiles. Ovulated females appear to employ the simple orientation strategy of swimming upstream when 3kPZS is detected and moving back downstream and casting side-to-side when the signal is lost. Not only did a vertebrate swim up pheromone plumes, but its efficacy in locating the pheromone sources is comparable with those known in insects. This can be attributed in part to the predictability of shallow river pheromone plumes, which are essentially confined in a one dimensional space by the width, depth, and unidirectional flow of water (20) . Moths in a forest environment orient to unpredictable airborne pheromone plumes in a three dimensional space by moving upwind when the pheromone is detected and casting from side to side (optomotor amenotaxis) when the scent is lost (21) . Unlike insects, ovulated females oriented toward a single source of 3kPZS by swimming directly into the unidirectional flow (Fig. 1) . In the disruption experiments, where an additional source of 3kPZS was located upstream of SMW, ovulated females that bypassed the SMW moved directly upstream to the background source of 3kPZS and subsequently showed more sidestream and downstream movements when ovulated females bypassed the background 3kPZS source (Fig. 2) . Ovulated females may use casting as a behavior to ensure that they do not overshoot the spawning grounds and bypass possible mates. It is notable that when ovulated females lose the 3kPZS signal, it takes several seconds (many sniffs) to begin casting, suggesting that either there is a significant integration time to recognize that the signal has been lost, or that upstream movement, once triggered by the pheromone, continues for a period governed by an internal mechanism, as proposed for moths (22) . Sea lamprey and moths appear to use similar casting strategies, albeit on different temporal and spatial scales, to relocate lost plumes. A distinct difference is that in a one-dimensional environment, when the odor is briefly lost, it may not be advantageous to immediately move sidestream because plume intermittency may be related to distance from the source rather than location within the stream channel.
In many insects, sex pheromones, like most natural odors, are typically blends of components in specific proportions, with two or more being necessary to elicit a behavioral response (10) . In particular, robust long distance behavioral responses are sometimes only elicited when a blend of compounds that function as one signal are present (17) . In our experiments, 3kPZS alone elicited robust upstream movements over long distances and was equally effective as the whole pheromone blend found in SMW from 10 Ϫ11 M to 10 Ϫ14 M at attracting ovulated females at a 45 m distance (Table 3) . However, males may excrete additional components that function over short distances to retain ovulated females on the nest. In experiments directly comparing 3kPZS and SMW released into nests separated by 1.25 m, SMW retained ovulated females 10-fold more time than 3kPZS (Table  2) . Additional evidence that males release additional compounds is gleaned from disruption experiments; when 3kPZS 10 Ϫ10 M was applied, 60% of responding ovulated females located and were retained at source of SMW even when background synthesized 3kPZS 1 m downstream of the SMW source was 5 times greater than the 3kPZS present in the SMW as determined by dye tests (Fig. 2) . Recently, several compounds have been isolated from larval sea lamprey washings and subsequently shown to modify behaviors of sexually immature adults in two-choice mazes (23) .
Collectively, results show that 3kPZS is a component of the pheromone that functions independently to elicit long distance upstream movements in ovulated females, directing them to nests, and that unidentified components induce near source attraction and retention. The mechanism by which the male sea lamprey mating pheromone coordinates mate finding and reproduction closely resemble the ''component'' mechanism first described in the pine beauty moth (Panolis flammea) (24) and recently described in the red-legged salamander (Plethodon shemani) (25) where each component of the pheromone induces separate behaviors such as attraction, landing, or copulation (24) . Our data do not support the ''blend'' hypothesis (17) , in which all pheromone components work as one signal to induce all behaviors. However, these hypotheses should be reevaluated when all pheromone components are identified.
From an applied standpoint, our data show that a synthesized pheromone modifies the behavior of ovulated females in their natural habitat and demonstrate the possible utility of 3kPZS as the first synthesized vertebrate pheromone control agent. This hypothesis should be further tested by comparing the effectiveness of 3kPZS versus spermiated males in their natural habitat. Capture rates and effective distances of 3kPZS-baited traps were similar to or greater than those reported in insects (14) ; but unlike mixtures of insect pheromones that attract males, 3kPZS alone induced robust responses in females. These are distinct advantages of 3kPZS because removal of ovulated females will result in a proportional reduction in viable eggs, and thus be more effective than removal of males. A single compound is less expensive to synthesize, easier to apply, and requires less testing to register with regulatory agencies. In addition to trapping, we show that 3kPZS may be used to divert ovulated females away from natural male pheromones or redistribute ovulated females to tributaries not suitable for spawning or survival of offspring. This approach may be highly effective because sea lamprey only use Ϸ6% of streams in the Great Lakes basin to spawn (5) , and in any particular stream sea lamprey use a small portion of habitat for spawning (15) . Furthermore, an ''all or nothing'' response to 3kPZS over a wide range of concentrations makes control applications even more efficacious because high concentrations are not required to induce strong responses. In the end, 3kPZS-based techniques may provide an environmentally benign means of managing sea lampreys in the Laurentian Great 
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Lakes, where only 270 g of 3kPZS would be required to activate all currently trapped streams in Lakes Huron, Michigan, and Superior at 10 Ϫ13 M during the 3-week spawning period (5.5 trillion liters of water).
Materials and Methods
Behavior In all other experiments, ovulated females were fitted with external passive integrated transponders (PIT tags) and tracked with PIT tag antennas connected to a multiplexer (Oregon RFID). Females were released in groups of three to five for 70-m trapping and in groups of six to 11 for all other experiments. Visual observations of random ovulated females were recorded on stream maps using stream markers as reference points (19) . For more information, please see SI Methods.
Behavioral Statistics. Female behaviors were assumed to be independent as observed from earlier studies (7, 16) . Binary data from experiments with more than two treatment groups were evaluated with logistic regression and models showed no evidence of overdispersion or nonlinearities. Binary data from experiments with two treatment groups were evaluated with a nonparametric Fisher's Exact Test. Time variables and orientation behaviors were evaluated with general linear models where time variables were square-root transformed and orientation behaviors were square-root transformed or ln transformed when needed to meet model assumptions of residual heteroscedasticity and normality. Time data in 650-m trapping experiments were evaluated with a nonparametric Wilcoxon rank-sum test because data could not be transformed to meet parametric statistic assumptions. For 3kPZS versus SWM direct comparison and disruption experiments, data were also analyzed with mixed effect logistic regression and mixed-effect general linear models with a random effect of trial date. All statistical results from general linear models were robust to the inclusion of the random effect of trial date, supporting the assumption that a single ovulated female can be treated as an individual sample (7). Statistical results reported are from two-tailed analyses. A listing of the statistical tests and transformations conducted are in Table S5 .
